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Abstract
Increasing global demands for land to produce food, fiber, and energy threatens temperate grassland and
wetland ecosystems, catalyzing a need to inform strategic and efficient approaches to conserve ecological
function in these ecosystems. In the Prairie Pothole Region of North America, an extensive agricultural
footprint has grown since the late 19th century and recently expanded in extent and intensity of cultivation in
response to improved technology and global demands. Despite extensive modifications, many wetlands
remain in a matrix of intensively farmed uplands in this landscape. We comprehensively evaluated
contributions of those wetlands to spring-migrating ducks by studying two wetland-obligate foragers—lesser
scaup (Aythya affinis) and bluewinged teal (Anas discors)—as they migrated to northern breeding ranges. We
measured a comprehensive suite of physiological, ecological, and behavioral metrics important during
migration in wetlands across a range of upland cultivation intensities at fine and coarse spatial extents. We
found no systematic negative responses in invertebrate prey abundance, abundance of migrants, or lipid
metabolism of migrant females across the cultivation intensity gradient. Further, abundance and physiology of
blue-winged teal and some key invertebrate prey densities were higher in more intensively cultivated
landscapes. Our results demonstrated extant wetlands in modern, intensively farmed landscapes make
meaningful contributions to spring-migrating ducks despite likely negative impacts of proximate upland
cultivation. This insight raises questions about the consequences of agricultural perturbations and the baseline
functionality of wetlands in agriculturally productive landscapes that have implications for wetland restoration
and conservation strategies employed here and in intensively farmed landscapes globally.
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A B S T R A C T
Increasing global demands for land to produce food, fiber, and energy threatens temperate grassland and wet-
land ecosystems, catalyzing a need to inform strategic and efficient approaches to conserve ecological function in
these ecosystems. In the Prairie Pothole Region of North America, an extensive agricultural footprint has grown
since the late 19th century and recently expanded in extent and intensity of cultivation in response to improved
technology and global demands. Despite extensive modifications, many wetlands remain in a matrix of in-
tensively farmed uplands in this landscape. We comprehensively evaluated contributions of those wetlands to
spring-migrating ducks by studying two wetland-obligate foragers—lesser scaup (Aythya affinis) and blue-
winged teal (Anas discors)—as they migrated to northern breeding ranges. We measured a comprehensive suite
of physiological, ecological, and behavioral metrics important during migration in wetlands across a range of
upland cultivation intensities at fine and coarse spatial extents. We found no systematic negative responses in
invertebrate prey abundance, abundance of migrants, or lipid metabolism of migrant females across the culti-
vation intensity gradient. Further, abundance and physiology of blue-winged teal and some key invertebrate
prey densities were higher in more intensively cultivated landscapes. Our results demonstrated extant wetlands
in modern, intensively farmed landscapes make meaningful contributions to spring-migrating ducks despite
likely negative impacts of proximate upland cultivation. This insight raises questions about the consequences of
agricultural perturbations and the baseline functionality of wetlands in agriculturally productive landscapes that
have implications for wetland restoration and conservation strategies employed here and in intensively farmed
landscapes globally.
1. Introduction
Grassland and wetland ecosystems are threatened globally by con-
version to agriculture, especially in temperate regions, where in-
creasing global demands for food, fiber, and energy exert economic
pressure to convert ecosystems to intensive crop production (Fargione
et al., 2008; Clay et al., 2014). In many locations, these pressures
outpace efforts to conserve biodiversity and ecosystem integrity,
leading to widespread losses of biodiversity and population stability
(Tilman et al., 1994; Hoekstra et al., 2005; Kremen and Merenlender,
2018). The Prairie Pothole Region (PPR) of North America is one such
region where closely-coupled wetland-grassland ecosystems have been
drained and tilled for row crop agriculture on a large scale, altering
landscape function for a diversity of organisms (Samson and Knopf,
1994; Askins et al., 2007; Doherty et al., 2013). Widespread wetland
drainage and alteration in the region coincided with upland conversion
for row crop production, reducing the extent of wetlands (Dahl, 1990;
Miller et al., 2009; Oslund et al., 2010) and altering hydrological
function of those wetlands that remain (Genet and Olsen, 2008; Miller
et al., 2011; McCauley et al., 2015).
Over half of the ducks annually surveyed in North American mon-
itoring efforts breed in the PPR (Batt et al., 1989; Janke et al., 2017).
Accordingly, the PPR was classified the highest priority area for wa-
terfowl conservation in North America (NAWMP, 2012; Reynolds et al.,
2006; Doherty et al., 2013) and conservation efforts there focus on
landscapes capable of supporting highest densities of breeding upland-
nesting ducks (Reynolds et al., 2006; Doherty et al., 2013; Walker et al.,
2013a). Considerable research supports targeting of conservation ef-
forts to landscapes with high densities of small, ephemeral and tem-
porary wetlands in a matrix of grassland. These landscapes are
https://doi.org/10.1016/j.biocon.2018.11.021
Received 8 August 2018; Received in revised form 12 November 2018; Accepted 19 November 2018
⁎ Corresponding author at: Department of Natural Resource Ecology and Management, Iowa State University, 2310 Pammel Drive, Ames 50011, USA.
E-mail address: ajanke@iastate.edu (A.K. Janke).
Biological Conservation 229 (2019) 99–112
Available online 26 November 2018
0006-3207/ © 2018 Elsevier Ltd. All rights reserved.
T
attractive to breeding waterfowl to accommodate territory establish-
ment, provide upland nesting sites with higher survival probabilities,
and offer high-quality brood rearing wetlands (Cowardin et al., 1985;
Johnson and Grier, 1988; Krapu et al., 1997; Walker et al., 2013b).
Conversion of grasslands in the PPR to row crop production reduces
availability of upland nesting habitat and changes the character of re-
maining wetlands. Many studies have shown upland conversion coin-
cides with wetland drainage practices that disproportionally impact
small wetlands that are important for breeding ducks, leaving behind
fewer, relatively large wetlands (Miller et al., 2011; Van Meter and
Basu, 2015; Serran and Creed, 2016). Remaining wetland function is
also impacted through changes in landscape hydrology (Euliss and
Mushet, 1996; van der Kamp et al., 2003), consolidation drainage
(McCauley et al., 2015), and inputs of sediments (Gleason and Euliss,
1998) and agrochemicals (Sura et al., 2012; Main et al., 2014). Because
these changes may collectively degrade the capacity for prairie pothole
wetlands to host high densities of breeding ducks, conservation efforts
in the PPR traditionally focus on relatively large, contiguous patches of
undisturbed grassland-wetland complexes where conservation is most
likely to yield improved reproduction (Walker et al., 2013b). However,
wetlands meeting these criteria increasingly account for a relatively
small proportion of the 850,000 km2 landscape, and although this ap-
proach is likely appropriate for breeding ducks with highly clustered
breeding distributions (Janke et al., 2017), questions remain regarding
what possible functional role prairie wetlands in intensively farmed
landscapes may play in the ecology and conservation of migratory birds
outside the breeding season.
In addition to its capacity to host a majority of North American
breeding ducks, researchers and conservation planners increasingly
recognize the potential for PPR wetlands to provide energy and nu-
trients for migrants that facilitate successful breeding in a broad swath
of core northern breeding areas including and beyond the PPR (Anteau
and Afton, 2004; Drent et al., 2006; Devries et al., 2008). The PPR is
positioned as a critical nexus for migratory birds that transition be-
tween important southern wintering areas (e.g., Gulf of Mexico coast,
Mississippi Alluvial Valley, eastern seaboard) and northern breeding
areas (e.g., Boreal Forest, Arctic tundra, Alaska; NAWMP, 2012).
During spring migration, females need to accumulate or at least
maintain nutrients necessary for reproduction and to fuel migration
(Ankney et al., 1991; Jenni and Jenni-Eiermann, 1998) and among
waterfowl, all species use wetlands for these behaviors in at least some
capacity (Lagrange and Dinsmore, 1989; Abraham et al., 2005; Anteau
and Afton, 2009; Pearse et al., 2011). Wetland use and habitat needs
differ between breeding and migrating waterfowl due to seasonal var-
iation in food availability, social behavior of migrants, and shorter
time-window of migration (Arzel et al., 2006; Stafford et al., 2014) and
therefore may not be suitably addressed through traditional breeding
habitat conservation paradigms in the PPR.
We sought to evaluate the utility of wetlands for spring-migrating
ducks across a gradient of upland crop cultivation intensity that pre-
vails in the highly modified PPR landscape. We focused on two sentinel
species—lesser scaup (Aythya affinis) and blue-winged teal (Anas dis-
cors)—that were ubiquitous, relied exclusively on wetland-based foods
during migration, and used a diversity of wetland types. Foraging and
behavioral differences in our study species allowed us to comprehen-
sively evaluate the status of many wetland types, from shallow water
foraging habitats of blue-winged teal, to large, deep-water foraging
habitats of lesser scaup that comprised the whole range of potential
wetland types available for migrants. Our study design sought to un-
derstand the range of potential responses of migrants to variation in
wetland condition to paint a complete picture of wetland function for
migrants across a gradient of upland cultivation. Our primary objective
was to determine if and how wetlands across this landscape gradient
were used by migrants during spring. To do so, we evaluated three key
metrics that have been applied in previous work on migrants in other
systems to understand landscape quality: 1) availability of invertebrate
prey resources in wetlands, 2) numerical abundance of migrants on
wetlands, and 3) the trajectory of lipid accumulation among migrant
females as indexed by concentrations of key lipid metabolites circu-
lating in plasma during migration. Collectively, these response vari-
ables represented a comprehensive assessment of the contributions of
wetlands to migrating ducks in the PPR and provided insights into
appropriate conservation and restoration benchmarks for wetlands in
this intensely modified landscape.
2. Methods
2.1. Study site selection
We evaluated wetland use along the southern edge of the PPR. The
region is characterized by millions of small depressional wetlands cre-
ated by the retreat of the Wisconsin Glacier ca. 10,000 years BP. The
PPR was historically comprised of tall grass prairie in the east and south
and mid- to short-grass prairie to the west. We focused our study in the
southeastern PPR in South Dakota, where temperatures were mild and
precipitation was greater than in the rest of the region (Millett et al.,
2009). Land in eastern South Dakota was 90.5% privately owned
(Doherty et al., 2013) and 1.8% was publicly owned primarily for
wildlife conservation. Most of the area was in annual crops (primarily
soybeans and corn; 49.0%) or used for grazing or hay production (40%;
Han et al., 2012). Although crop production in the region is high, many
areas of relatively low cropland intensity remained (Fig. 1) and ex-
ceptionally high densities of prairie wetlands existed across all land
uses (Johnson and Higgins, 1997). It was this gradient of land uses and
associated wetland ecosystems that was the focus of our study.
We developed a spatially-explicit sampling frame from which we
selected fixed-area study sites with variation in upland cultivation. Here
we adopt a broad definition of ‘cultivation’ to encompass the diversity
of practices used in the region to grow annual crops (producing pri-
marily corn and soybeans but to a lesser extent small grains and sun-
flowers) in short crop rotations and with widespread use of tillage and
intensive external inputs. We used a 4-km radius (50 km2 area) moving
window over the 2006 National Land Cover Dataset (NLCD; Fry et al.,
2011) to quantify the intensity of upland cultivation for each 30× 30m
raster cell in the study area. We chose this moving-window size for our
study sites because it is a scale consistent with apparent daily move-
ment rates of non-breeding or migrating ducks based on recent satellite
telemetry research (Beatty et al., 2014, Beatty et al., 2015; A.D. Afton,
Louisiana State University, unpublished data) and also a scale at which
relative homogeneity in land use and land types prevail across the study
region. We defined upland cultivation intensity as the ratio of the area
of cells classified as annual crops to the sum of the area of cells defined
as upland (all categories except developed lands, open water, or barren
lands). The resulting raster identified areas with 0–98% of uplands
cultivated.
We constrained candidate raster cells by calculating the area of
seasonal and semipermanent wetlands (via the National Wetlands
Inventory [NWI]; Wilen and Bates, 1995) within the 4 km moving
window. The NWI was based on ca. 1985 wetland imagery; thus it was
not a perfect representation of wetlands in surrounding landscapes, but
a coarse approximation of abundance and wetland types. We added 2
wetland constraints to our sampling frame. First, we excluded all can-
didate cells with<200 ha of seasonal or semipermanent wetlands in
the 4 km radius; these excluded cells were often within large lakes,
urban areas, or outside of the prairie pothole landscape. We stratified
remaining cells into those containing ≥200 ha (hereafter, high wetland
density) and< 200 ha (hereafter, low wetland density) of semi-
permanent wetlands. This ensured we sampled across a range of wet-
land densities and crop intensities to capture suitable habitats for spring
migrating lesser scaup (i.e., large semipermanent wetlands; Anteau and
Afton, 2009, Kahara and Chipps, 2012) and the less selective blue-
winged teal. The sampling frame was 46,770 km2, or approximately
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51% of South Dakota east of the Missouri River (Fig. 1).
We categorized upland cultivation intensity into 3 strata – low
(0–33.3% of uplands cropped), medium (33.3–66.6%), and high
(> 66.6%) – and merged this layer with the 2 wetland density strata,
yielding 6 unique strata. We used a Generalized Random Tessellation
Stratified (GRTS) sample to select a spatially balanced stratified sample
of study site centroids within each stratum (Stevens and Olsen, 2004)
which we subsequently buffered with a 4 km circular radius to define
the study sites. GRTS ensured sites in each stratum were not spatially
clustered to avoid confounding with factors following similar latitu-
dinal gradients (e.g., migration physiology, geologic history). We
sampled 2 study sites per stratum (12 sites) during 2013 and 2014 and
1 site per stratum (6 sites) during 2015, equaling 10 study sites in each
upland cultivation intensity strata and 30 study sites over the 3 years
(Fig. 1).
2.2. Wetland selection
We manually digitized all seasonal, semipermanent, and permanent
wetlands on each study site following Johnson and Higgins (1997) and
Cowardin et al. (1979) to develop a sampling frame for wetlands. We
mapped wetlands based primarily on their extent during a relatively
wet year (2010) and assigned hydrological classes based on apparent
permanency of the basin between the wet year (2010) and a drier year
(2012). We stratified wetlands into 2 categories (seasonal and semi-
permanent or permanent wetlands), and ordered wetlands with a
simple random sample weighted by basin area. Weighting by area en-
sured numerically abundant, small wetlands were not overrepresented
in the sampling frame. We sought permission to sample the first n
wetlands in each category, where n was 10 times the proportion of the
total area of each wetland category within the study site, or 2 if the
proportion was<20%. We sequentially pursued permission from land
owners to sample wetlands along the ordered list until 10 wetlands had
been identified (hereafter survey basins). We excluded dry and vege-
tation-choked wetlands and replaced them with the next wetland on the
list. There were<10 suitable wetlands on six study sites where we
sampled all available wetlands (8–9 wetlands). On the remaining 24
sites, we included 10 to 12 randomly-selected wetlands.
2.3. Duck abundance surveys
We visited wetlands twice each spring to enumerate migrating lesser
scaup and blue-winged teal and timed surveys to coincide with early
migration peak of lesser scaup and the later peak of blue-winged teal.
We indexed migration progression each spring to capture early and late
migration peaks and conducted surveys across all study sites within
11 days, progressing from south to north. We conducted surveys from
shore or boats following methods described by Cowardin et al. (1995)
and Reynolds et al. (2006). We started surveys at sunrise on days
without heavy precipitation and winds< 30 kph. Whenever possible,
we surveyed basins from vantages with spotting scopes and binoculars,
to avoid flushing birds to unsurveyed basins. On basins with low-visi-
bility, we walked in and around the basin to observe all open water
(Cowardin et al., 1995). We surveyed all basins on a study site on one
day and no other research activities were conducted 5 days prior to a
survey to minimize investigator disturbances.
2.4. Prey abundance surveys
We characterized aquatic invertebrate prey abundance for lesser
scaup and blue-winged teal in likely foraging locations in each ran-
domly selected wetland. Both species consume invertebrates during
migration (Anteau and Afton, 2008a; Hitchcock, 2009; Tidwell et al.,
2013; Janke, 2016) and during spring prior to breeding (Swanson et al.,
1974; Afton and Hier, 1991) so we sought to evaluate whether prey
abundance varied with upland cultivation intensity. We established 2–5
sampling transects with random compass bearings extending from
wetland center in each wetland. We sampled prey abundance for blue-
winged teal along the margins of emergent vegetation or shorelines at 2
locations per transect and for lesser scaup at 2 locations in open water
areas on the transect (0.5–3m deep and ≤60m from emergent vege-
tation). We used a 0.5 m long standardized horizontal sweep-net sample
Fig. 1. Location of 30 randomly selected
study sites sampled during spring migration
(April–May) during 2013 to 2015 across a
gradient of upland cultivation intensity in
eastern South Dakota. The inset map shows
the location of the Prairie Pothole Region
(PPR; shaded region) and the location of
eastern South Dakota in North America.
A.K. Janke et al. Biological Conservation 229 (2019) 99–112
101
in the top 20 cm of the water column with a D-framed sweep net to
characterize blue-winged teal prey availability at effective foraging
depths (Guillemain et al., 2007). We used a 0.5m long standardized
horizontal sweep-net sample along the surface of the benthos to mea-
sure invertebrate prey for lesser scaup at open-water points where they
forage (Afton and Hier, 1991). We rinsed samples in the field and
preserved them in 70% ethanol dyed with Rose Bengal in uniquely-
labeled Whirl-Pak bags (Nasco Company, USA).
We sampled fish communities in all wetlands to control for their
impact on invertebrates (e.g., Hanson et al., 2005; Hanson et al., 2012).
We deployed 2–5 Gee-style minnow traps overnight to sample small-
bodied fishes in wetlands with water depths sufficient to submerse trap
entrances. We set 1 experimental gill net in wetlands> 0.5 m deep
within the open water zone to sample large-bodied fishes. All captured
fish were enumerated by species and capture method and released back
into the wetlands. Our fish sampling methods were reviewed and ap-
proved by the Institutional Animal Care and Use Committee at South
Dakota State University (12-013A).
2.5. Duck physiology sampling
Numerical abundance and food availability are proxies for wetland
quality for spring-migrating ducks; however, the ultimate measure of
habitat quality for migrants should evaluate their realized physiological
performance (sensu Van Horne, 1983). Among migrants on stopover,
lipids are an ideal currency for gauging habitat quality because of their
demonstrated importance for migration success (Jenni and Jenni-
Eiermann, 1998) and breeding among capital breeders including ducks
(Ankney et al., 1991; Janke et al., 2015). Concentrations of lipid me-
tabolites in plasma can be a reliable indicator of short-term lipid dy-
namics among migrants encountered on a single occasion during
stopover (Guglielmo et al., 2005; Anteau and Afton, 2008b) and have
advantages over other physical metrics (e.g., size-corrected body mass,
nutrient reserves) because they respond quickly to local refueling
conditions (Jenni-Eiermann and Jenni, 1994; Williams et al., 1999). We
measured lipid metabolism among migrants by collecting plasma
samples from females stopping over on wetlands at our study sites. No
live-capture methods were available that would not bias physiology
through behavioral or foraging-based responses (i.e., baiting), so we
used in-situ collection to sample migrant females. Our methods fol-
lowed guidance on humane sampling described in Fair and Jones
(2010) and was approved by the Institutional Animal Care and Use
Committee at South Dakota State University (12-013A).
We attempted to collect spring-migrating female lesser scaup and
blue-winged teal on the randomly-selected wetlands in all study sites,
and occasionally supplemented the sample with birds from non-ran-
domly selected wetlands within the study site boundaries when col-
lections were not feasible on random wetlands. All birds were collected
using 12-gauge shotguns with non-toxic shot (Envrion-metal, Inc.,
Sweet Home, OR) from shore or small boats and without decoys to
avoid associated biases (Pace III and Afton, 1999). We collected actively
foraging individuals when possible and noted whether the individual
was observed foraging prior to collection. We began collections at ≥6 h
past sunrise to ensure individuals had the opportunity to forage where
they were collected and to allow metabolite concentrations in plasma to
stabilize following potential overnight fasts or migratory flights
(Mandin and Vézina, 2012). Immediately after collection we extracted a
small (ca. 1 mL) blood sample via cardiac puncture with a heparinized
syringe and 16–21 ga. needle and then transferred it to 1.5mL hepar-
inized microcentrifuge tube. We stored blood samples in a cooler until
centrifuging in the field within 4 h at 4000–6000 rpm for 5–10min. We
transferred plasma to a new 1.5 mL microcentrifuge tube and froze the
sample at −20 C the evening of collection. Within 1month of collec-
tion, we transferred samples to −80 C until processing.
2.6. Laboratory methods
We rinsed prey samples in a 500 μm sieve and searched under 10×
magnification to identify and enumerate key prey species. We focused
on 3 taxa that are important prey for spring-migrating lesser scaup and
blue-winged teal, based on diet analyses in the present work (Janke
et al., 2019) and previous studies (Anteau and Afton, 2008a; Hitchcock,
2009; Tidwell et al., 2013). The three taxa were Mollusca, Amphipoda,
and Chironomidae. We measured dry mass (mg) of each taxa to convert
counts to biomass to better approximate forage availability. We calcu-
lated mean individual mass (i.e., dried to constant mass at 60 C) of each
Amphipoda genus and Mollusca family with a random sample of in-
dividuals from wetlands across all study years. Chironomidae larvae
were ubiquitous in our samples and varied considerably in size among
wetlands, likely due to high taxonomic diversity and variation in instar
stages. We accounted for this variability by weighing a randomly-se-
lected sample of 30 individuals from each wetland with ≥30 in-
dividuals and used the mean individual dry weight from these wetlands
to convert counts from wetlands with< 30 individuals to biomass.
We necropsied all birds to confirm they were migrants, indicated by
absence of rapid follicle growth (RFG) characteristic of birds transi-
tioning to breeding. We found no evidence for RFG in lesser scaup but
incidentally collected a few blue-winged teal that had ovaries indicative
of RFG (mean size of 3 largest follicles> 5mm; Janke et al., 2015) that
were excluded. We measured concentrations of key lipid metabolites in
plasma to index refueling performance of migrating females with
commercially available reagents and standards that measured con-
centrations of β‑Hydroxybutyrate (BUTY) and triglycerides (TRIG: see
Janke, 2016 for detailed assays). We measured BUTY with a kinetic
assay with the D-3 Hydroxybutyric Acid Assay Kit (R-Biopharm
10907979035) and β-Hydroxybutyrate Linearity Standards (Stanbio
2450). BUTY is a ketone body that elevates during lipid catabolism and
remains elevated during transitions from fasting to feeding, and
therefore serves as an index of recent mass loss or lipid catabolism
(Ramenofsky, 1990). We measured TRIG with two sequential endpoint
assays by first measuring total free glycerol with the Free Glycerol
Reagent (Sigma Catalog F6428) and then measuring total TRIG with
Triglyceride Reagent (Sigma Catalog T2449). We calculated true TRIG
as total TRIG minus free glycerol and used this value in analyses. TRIG
indicates the opposite metabolic state as BUTY because it elevates in
response to dietary-based lipid accumulation and hepatic lipogenesis,
indicating improved foraging conditions.
2.7. Geospatial analyses
We acquired high-resolution (≤1.5m) true-color (2013, 2014) or
color-infrared (2015) aerial imagery collected from fixed-winged air-
craft during May of the year of sampling (Niemuth et al., 2010) to track
dynamic wetland conditions and land-use on the sites. We manually
digitized upland land use in each study year from annual photographs,
NAIP imagery, and LANDSAT land cover surfaces (i.e., NLCD or CRO-
PSCAPE; Han et al., 2012, Homer et al., 2015). We defined uplands as
all areas outside of wetlands in a wet year image used for the afore-
mentioned sampling frame, which allowed us to draw similar com-
parisons of cropping extent with respect to variable wetland areas each
year. Upland classifications distinguished between perennial vegetation
and cultivated crops, and excluded developments (e.g., houses, build-
ings, roads), trees, or non-wetland surface water. Perennial vegetation
included grazed grasslands, hay fields (including alfalfa; Voldseth et al.,
2007), idle conservation cover (e.g., Conservation Reserve Program) or
public lands, and idle vegetation on wetland margins. Croplands in-
cluded all fields farmed in the previous growing season, which pri-
marily consisted of corn and soybeans, and less commonly winter wheat
and sunflowers. To characterize land-use at spatial scales beyond those
captured in our study year aerial imagery, we used the 2011 National
Land Cover Database (Homer et al., 2015). For consistency in manual
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digitizing we classified upland cells as all pixels classified as shrub/
scrub, herbaceous, hay/pasture, and cultivated crops, excluding de-
veloped lands, water, and trees; upland cultivation was expressed as the
ratio of cropped to upland pixels.
2.8. Statistical analyses
Our statistical analysis sought to understand how our three key
response metrics varied across gradients of upland cultivation measured
at three unique scales for wetland-specific analyses (invertebrate prey
and duck abundance) and two scales around collection locations in the
physiology analysis. The first scale was a 50m buffer around the
maximum wet-area extent of sampled wetlands, which allowed us to
evaluate associations between immediately-adjacent land use and re-
sponse variables independent of larger-scale land use. Upland cultiva-
tion in the area immediately adjacent to wetlands as measured in this
scale has been shown to influence a number of biotic and abiotic factors
in wetlands (Gleason and Euliss, 1998; Riens et al., 2013). The second
scale we considered was a 2-km radius buffer around wetland margins
and collection locations, intended to characterize the local landscape
where wetlands and birds occurred. Upland cultivation at this scale was
measured as the percent of upland areas (perennial vegetation +
cropland) that were cropped within 2-km of the wetland boundaries or
collection location in the study year as inferred from the aerial photo-
graphs. This scale was intended to serve as an intermediate assessment
between the fine-scale measurement within the wetland buffer (50m)
and the larger, landscape scale (4 km). The 2 km circular radius
(12.6 km2) was comparable to the 4-square mile (10.4 km2) area that
has been the focus of long-term research and monitoring in a number of
prairie wetland and waterfowl studies in the PPR (e.g., Reynolds et al.,
2006; Walker et al., 2013b). Our largest scale was a 4-km radius buffer
around collection locations and wetland boundaries, which represented
maximum mean daily movements of non-breeding ducks derived from
satellite-telemetry studies (Beatty et al., 2014, Beatty et al., 2015; A. D.
Afton, Louisiana State University unpublished data). Our manually di-
gitized land cover layer only extended 2-km from basin margins, so we
used NLCD cropland and upland categories to quantify proportions of
cropped uplands. We compared our manually digitized land cover and
NLCD upland cultivation in 4-km buffers (50 km2) and found high
correspondence (r=0.93) between estimates, suggesting NLCD pro-
vided suitable resolution at the 4-km scale.
Although our site selection and randomization procedures were
designed to introduce control into the analysis, we still deemed it im-
portant to introduce additional statistical control into the analyses to
enable fair comparisons across widely varying study sites. To do so, we
fit a baseline model for each response variable with an a priori set of
random and fixed effects that we predicted would influence the re-
sponse independent of upland cultivation. We then tested for an in-
fluence of upland cultivation covariates across ‘average’ (i.e., con-
trolled-for) wetland conditions with the measures of upland cultivation.
In preliminary analyses we ensured control terms were not significantly
correlated with the upland cultivation covariates or one another
(Pearson's correlation coefficient≤ |0.15| or r2 of ANOVA between
categorical and continuous variables < 0.05). We used generalized
linear mixed effects models with each individual response term and
associated covariates (see below) with the lmer function in the lme4
package in Program R (Bates et al., 2015). Each baseline model in-
cluded random intercept terms for the study site (to account for spa-
tially clustered sampling) and year (to account for interannual variation
due to weather and other factors; Janke et al., 2019). Main effects in-
cluded in each baseline model are described below with each response
term. We evaluated the influence of the upland cultivation term by
performing a parametric bootstrap of Likelihood Ratio Tests between
the baseline model and the more constrained model. We conducted
10,000 simulations in the bootstrapping procedure using the PBmod-
comp function in the pbkrtest package in R (Halekoh and Hojsgaard,
2014) and calculated P-values as the percentile of the test statistic
(α=0.05). We interpreted the magnitude and direction of the upland
cultivation effects based on regression coefficients and 95% confidence
intervals calculated with a parametric bootstrap and 10,000 simula-
tions using the bootMer function in lme4. We reported marginal and
conditional r2 for each model following Nakagawa and Schielzeth
(2013) to indicate the strength of main effects alone (marginal r2) and
of random and main effects together (conditional r2). We z-transformed
continuous covariates to improve model convergence and to allow for
direct interpretation of the upland cultivation term under mean values
of covariates in the baseline model (Schielzeth, 2010).
2.8.1. Invertebrate prey abundance
We conducted three analyses of invertebrate prey abundance, one
each for the 3 taxa we considered as most important prey for our study
species. We converted sample biomass to densities (mg/m2) by calcu-
lating area sampled based on the mean width of the D-framed net
(corrected for water depth) and the horizontal length of the sample
(0.5 m). We natural-log transformed densities (+1) to approximate a
normal distribution and improve model fit. Our baseline model sought
to control for the primary intrinsic factors influencing aquatic in-
vertebrate communities in prairie wetlands. We included a categorical
term for basin water regime (seasonal, semipermanent, or permanent)
to control for potential variation in invertebrate communities due to
water permanency (Kantrud et al., 1989). Short-term climatic fluctua-
tions are also important in structuring aquatic invertebrate commu-
nities in prairie wetlands (Euliss et al., 2004), so we use an interaction
term between basin hydroperiod and a Standardized Precipitation and
Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2013) calcu-
lated from temperature and precipitation observations at each wetland
over the preceding 6months based on observations from the Parameter-
elevation Regressions on Independent Slopes Model (PRISM Climate
Group, Oregon State University; Post van der Burg et al., 2016). Finally,
fish are known to have a strong structuring impact on the biotic com-
munity of prairie wetlands (e.g., Zimmer et al., 2000; Anteau et al.,
2011; Hanson et al., 2012; Maurer et al., 2014) so we included a binary
term indicating whether fish were detected in the wetlands (1) or not
(0).
2.8.2. Duck abundance
We used total counts of lesser scaup and blue-winged teal per basin
across the two survey periods as the response variable in abundance
analyses. Total counts were log-transformed (+1) to improve model fit.
We constrained the lesser scaup analysis to basins> 0.5m deep and
with a limnetic zone to focus inferences on potentially suitable habitats
(Anteau and Afton, 2009; Kahara and Chipps, 2012). We included the
basin-to-perimeter ratio of open water areas in each wetland as a cov-
ariate in the baseline model to control for the availability of suitable
habitat within each basin which can have a strong influence on total
duck use (Fairbairn and Dinsmore, 2001; Webb et al., 2010).
2.8.3. Duck physiology
We composited TRIG and BUTY concentrations into a single index
(hereafter refueling index) to characterize the relative trajectory of lipid
accumulation among migrants based on a previously published equa-
tion that predicted mass change in wild lesser scaup from concentra-
tions of these metabolites (Anteau and Afton, 2008b). The index
weighted TRIG positively and BUTY negatively and was consistent with
work on other migrants indexing lipid metabolism from single capture
occasions (Jenni-Eiermann and Jenni, 1994; Schaub and Jenni, 2001;
Zajac et al., 2006; Janke, 2016). Lower scores indicated reduced re-
fueling performance and, thus, may suggest inferior refueling condi-
tions in wetlands. We excluded highly-hemolyzed samples with plasma
hemoglobin concentrations> 1 g/dL to avoid associated biases. We
conducted an exploratory analysis before compositing metabolite con-
centrations to ensure they did not vary systematically with time from
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sunrise or until sunset, a relative date of collection within the migration
season, year, pair status, or foraging status of the individual (Guglielmo
et al., 2002; Mandin and Vézina, 2012). We found no systematic var-
iation in these factors and used raw metabolite concentrations to cal-
culate the index. We did not predict a priori that any additional control
measures were necessary to draw inferences among birds collected
across the upland cultivation gradient, so our baseline model included
only random effects.
3. Results
We sampled 305 wetlands on 30 unique study sites during spring
2013–2015. Most wetlands had semipermanent hydroperiods (65%),
30% had seasonal hydroperiods, and 5% were large permanent water
bodies (i.e., lakes). Most wetlands were entirely privately owned (86%),
3% were entirely on lands managed by the U.S. Fish and Wildlife
Service or South Dakota Department of Game, Fish, and Parks, and 11%
were mixed public-private ownership. Only 3.6% of wetlands (n= 11)
were cultivated in the previous growing season as indicated by the
absence of persistent emergent vegetation or presence of crop residue in
the basin. All of the basins that were cultivated in the previous growing
season were classified as having seasonal hydroperiods. Wetlands were
distributed across a gradient of surrounding upland cultivation at all
three scales (Fig. 2). Upland cultivation was right-skewed at the 50m
scale because many wetlands had small perennial vegetation buffers
immediately adjacent to them even when in otherwise intensively
farmed landscapes (Fig. 2). Here below we presented results of the
upland cultivation terms, full model results including fixed and random
effects are provided in Appendix A.
3.1. Invertebrate prey abundance
We included 304 wetlands in the analysis on invertebrate prey
abundance in surface water foraging habitats of blue-winged teal. The
baseline model for Mollusca densities explained 68% (conditional r2) of
the variation in Mollusca densities (Table 1). The upland cultivation
terms did not have significant additional support over the baseline
model at any spatial scale (P≥ 0.432; Table 1, Fig. 3). The baseline
model for Amphipoda densities explained 22% of the variation in
Amphipoda densities (Table 1). There were no associations between
Amphipoda densities and upland cultivation at any of the spatial scales
(P≥ 0.075; Table 1, Fig. 3). The baseline model for Chironomidae
densities explained 43% of the variation (Table 1). Chironomidae
densities did not vary with upland cultivation at the 50m or 2 km scales
(P≥ 0.202), but were higher in wetlands with higher upland cultiva-
tion intensity in the 4 km buffer (P=0.037; b=0.159; Table 1, Fig. 3).
We included 128 wetlands in the analysis of invertebrate prey
abundance for lesser scaup. The baseline model for Mollusca densities
explained 32% of the variation in Mollusca densities (Table 1). There
was no support for the upland cultivation terms influencing Mollusca
densities (P≥ 0.575; Table 1). The baseline model for Amphipoda
densities explained 14% of the variation (Table 1). There was statistical
evidence for higher Amphipoda densities in wetlands with higher up-
land cultivation within the 50m buffer surrounding the wetland
(P=0.013; b=0.370; Table 1, Fig. 4) but no associations at the other
two scales (P≥ 0.632; Table 1, Fig. 4). The baseline model for Chir-
onomidae densities explained 37% of the variability (Table 1). There
was no significant association between Chironomidae densities and
upland cultivation at any of the scales (P≥ 0.127; Table 1, Fig. 4).
3.2. Duck abundance
We included 304 wetlands in the abundance analysis for blue-
winged teal. The baseline model explained 33% of the variation in blue-
winged teal abundance (Table 2). There was a positive association be-
tween blue-winged teal abundance and percent of upland cultivation
within the 50m scale (P=0.030; b=0.174; Table 2, Fig. 5) and the
2 km buffer (P=0.022; b=0.224; Table 2, Fig. 5). Abundance and
upland cultivation were not significantly related in the 4 km buffer
(P=0.055). We included 128 semipermanent or permanent wetlands
in the lesser scaup abundance analysis. The baseline model explained
52% of the variation in abundance (Table 2). There was no support for a
relationship between abundance and any of the upland cultivation
terms (P≥ 0.916; Table 2, Fig. 5).
3.3. Duck physiology
We included 233 female blue-winged teal collected on 125 unique
wetland basins in the physiology analysis (94% were collected on
randomly-selected wetlands). The baseline model with random effects
only explained 29% of the variability in the refueling index (Table 3).
There were no significant associations between the refueling index and
upland cultivation at the 2 km scale (P=0.159; Table 3) but there was
a positive association with upland cultivation in the 4 km scale
(P=0.041; b=2.217; Table 3, Fig. 6). We included 137 female lesser
scaup collected on 62 unique wetland basins in the lesser scaup phy-
siology analysis (87% were collected on randomly-selected wetlands).
The baseline with only random effects explained 13% of the variability
in refueling index (Table 3). There was no evidence for any association
between the refueling index and upland cultivation in either of the
spatial scales (P≥ 0.402; Table 3, Fig. 6).
4. Discussion
We found that upland cultivation around wetlands in our study area
was not associated with any detectable decreases in key metrics of
habitat quality for wetland-foraging ducks and, in some cases, was as-
sociated with higher values than found in less intensively-farmed
landscapes. Across all metrics on a wide-spectrum of wetland types used
during migration and among two species with different habitat needs
and migration strategies, we observed little significant variation in as-
sociation with upland cultivation and among metrics we found sig-
nificant variation, the direction of effects were always positive. These
results suggest ‘average’ extant wetlands in modern intensively-farmed
landscapes in the southern PPR confer at least comparable or perhaps
better refueling habitats for wetland-foraging ducks en route to
northern breeding ranges during spring than available in landscapes
with more grassland vegetation that have been the traditional focus of


















Fig. 2. Box plot and violin plot showing the distribution of observations of
upland cultivation metrics in 3 buffer sizes around 305 wetlands sampled
during spring migration in eastern South Dakota during 2013 through 2015.
The boxplots show range, inter-quartile range, and medians of observations in
each buffer while the violin plots show the density of observations across the
range of upland cultivation.
A.K. Janke et al. Biological Conservation 229 (2019) 99–112
104
2013; Walker et al., 2013a). This finding has implications for wetland
conservation strategies in this landscape and raises questions about the
underlying mechanisms that give rise to homogeneity in the response
surface we observed.
The absence of systematic negative relationships between upland
cultivation and the response metrics we examined seemed to contrast
with results from small-scale studies that have demonstrated capacity
for factors associated with upland cultivation such as sedimentation
(Martin and Hartman, 1987; Gleason and Euliss, 1998), nutrient en-
richment (Neely and Baker, 1989), hydrologic alterations (van der
Kamp et al., 2003; Voldseth et al., 2007), or pesticide inputs (Grue
et al., 1986; Main et al., 2014) to impair biotic function in prairie
wetlands. Research in lotic ecosystems across the world has clearly
linked intensive agricultural land use to biotic impairments in those
systems at scales comparable to ours (e.g., Allan et al., 1997; Genito
et al., 2002; Allan, 2004) and some work in PPR wetlands has shown
negative consequences of crop production practices on microfauna in
ephemeral wetlands (Euliss and Mushet, 1999). However, other than
some evidence for associations between breeding waterfowl densities
and upland cultivation at broad scales in the PPR (e.g., Austin et al.,
2001; Walker et al., 2013b), the majority of studies examining biotic
consequences of upland cultivation on northern prairie wetlands at a
landscape scale have found similar equivocal relationships
(Guntenspergen et al., 2002; Tangen et al., 2003; Hanson et al., 2012;
Gleason and Rooney, 2017).
4.1. Understanding mechanisms
Considering the underlying mechanisms that gave rise to similar
wetland function for migrant ducks across the upland cultivation gra-
dient is useful for understanding the true consequences of upland
cultivation on prairie wetlands and interpreting our results and the
body of published literature with comparable results. First, it is im-
portant to recall the question we asked in this research, which was what
are the current contributions of wetlands in intensively farmed land-
scapes, relative to those observed in modern landscapes that are not
intensively farmed? Our results provide a clear answer to this question:
wetlands in modern intensively farmed landscapes in our study area
were making comparable and in some cases marginally greater con-
tributions to migrants than those in grassland-dominated landscapes.
However, this result may not address a more salient question that is:
what is the impact of upland cultivation on wetland function for mi-
grating waterfowl? This constraint stems from the approach we used,
and that is routinely used by other landscape-scale studies cited above,
where spatial replication across large geographies and variable land-
scape conditions is substituted for temporal replication at individual
sites with control over the ‘treatment’ (upland cultivation) on the
subjects (wetlands). These so-called “space-for-time substitutions”
make critical assumptions about control over treatment effects and in-
tervening factors that have been shown to constrain inference on causal
mechanisms in other systems (França et al., 2016). Thus, addressing the
salient question stemming from our work arguably requires experi-
mentation to understand mechanisms and make predictions about how
the system would respond to alternative conservation and restoration
scenarios. Here we offer two plausible mechanistic hypotheses that
could explain our results, and results from other work in this system
(Fig. 7).
We termed the first hypothesis to explain the relatively similar
wetland conditions across the upland cultivation gradient the “wetland
resiliency hypothesis” (Fig. 7). This hypothesis postulates that wetlands
in our system were either resilient to the presumed pathways for de-
gradation or improved because of disturbances related to upland
Table 1
Model summaries and parametric bootstrapping results comparing baseline models of key blue-winged teal and lesser scaup invertebrate prey densities with models
including covariates for upland cultivation in 50m, 2 km, or 4 km buffers surrounding wetlands sampled in eastern South Dakota during April and May 2013 through
2015. Confidence intervals shown in bold exclude 0 at the 95% level.
Species/response variable Marginal r2 Conditional r2 P b 95% CI
Blue-winged teal
Mollusca density
Baseline model 0.184 0.679 – – –
50m buffer 0.183 0.677 0.887 −0.011 (−0.252, 0.232)
2 km buffer 0.187 0.686 0.432 −0.151 (−0.508, 0.207)
4 km buffer 0.183 0.678 0.770 0.063 (−0.345, 0.478)
Amphipoda density
Baseline model 0.143 0.216 – – –
50m buffer 0.152 0.226 0.075 0.094 (−0.008, 0.195)
2 km buffer 0.145 0.223 0.449 0.048 (−0.066, 0.159)
4 km buffer 0.144 0.217 0.483 0.040 (−0.078, 0.155)
Chironomidae density
Baseline model 0.306 0.433 – – –
50m buffer 0.308 0.434 0.242 0.069 (−0.045, 0.185)
2 km buffer 0.314 0.437 0.202 0.096 (−0.045, 0.239)
4 km buffer 0.325 0.426 0.037 0.159 (0.016, 0.302)
Lesser scaup
Mollusca density
Baseline model 0.090 0.319 – – –
50m buffer 0.091 0.326 0.576 −0.130 (−0.571, 0.300)
2 km buffer 0.092 0.354 0.635 −0.213 (−0.800, 0.378)
4 km buffer 0.088 0.328 1.000 −0.001 (−0.597, 0.600)
Amphipoda density
Baseline model 0.083 0.144 – – –
50m buffer 0.125 0.140 0.013 0.370 (0.092, 0.646)
2 km buffer 0.085 0.152 0.632 0.087 (−0.226, 0.415)
4 km buffer 0.082 0.150 1.000 0.000 (−0.320, 0.316)
Chironomidae density
Baseline model 0.178 0.368 – – –
50m buffer 0.178 0.376 0.738 −0.057 (−0.333, 0.228)
2 km buffer 0.205 0.387 0.127 0.270 (−0.063, 0.592)
4 km buffer 0.187 0.377 0.403 0.157 (−0.165, 0.487)
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cultivation practices. The dynamic nature of wetland ecosystems has
conceivably favored evolution of life-history traits among wetland-de-
pendent organisms that are tolerant of a wide range of ecological per-
turbations (Batzer, 2013). Therefore, although upland cultivation can
change nutrient balances, sedimentation, or introduce pesticides into
wetlands, these disturbances may manifest similarly to historical pro-
cesses with which wetland invertebrates and waterfowl evolved,
leading to no detectable negative impacts of upland cultivation. Fur-
ther, the positive responses in some invertebrate taxa we observed that
were reflected in increased abundance, and to a lesser extent improved
physiology, of blue-winged teal, could result from enrichment of wet-
lands conferred by disturbances associated with upland cultivation.
Increased nutrient inputs associated with crop production have been
shown to impact invertebrate communities in prairie wetlands (Hann
and Goldsborough, 1997), which could benefit blue-winged teal. Si-
milarly, conversion of upland catchments from perennial vegetation to
cropland alters water-level dynamics in prairie wetlands (Euliss and
Mushet, 1996; van der Kamp et al., 1999), which could facilitate in-
creased sediment oxidation and improve potential productivity of
wetlands in intensively farmed landscapes. Finally, climate-driven
variation in water levels of prairie wetlands (e.g., Niemuth et al., 2010)
facilitates frequent disturbances by land stewards seeking to farm or
hay margins of dry wetlands. These disturbances, namely burning,
disking, or mowing, could increase available surface water within
wetlands for migrants and have been shown to positively impact in-
vertebrate production in intentionally managed wetland ecosystems
(e.g., Murkin et al., 1982; de Szalay and Resh, 1997; Gray et al., 1999;
Davis and Bidwell, 2008). Therefore, these pragmatic management
approaches could have unintended positive impacts on wetland func-
tion in intensively farmed landscapes (Davis and Bidwell, 2008) leading
to improvements in wetland function for migrating ducks.
The second hypothesis to explain observed similarities in wetland
quality across the upland cultivation gradient we called the “wetland
productivity hypothesis” (Fig. 7). This hypothesis posits that wetlands
in modern intensively-farmed landscapes have been degraded due to
negative agricultural impacts but that degradation has only lowered the
productivity of the wetlands to the level seen in modern unfarmed
wetlands. This pattern could result because upland crop production is
not a randomly applied ‘treatment’; rather, constraints on soil pro-
ductivity, climatic conditions, and economic factors interact to drive
conversion of grasslands to crop production (Stephens et al., 2008;












































Fig. 3. Model-predicted densities for key aquatic invertebrate taxa in likely foraging locations for blue-winged teal across a gradient of upland cultivation measured
at three spatial scales around wetlands sampled during spring migration in eastern South Dakota during 2013 through 2015. Shaded regions correspond to 95%
confidence intervals of predictions with covariates held at their mean. Horizontal dashed line indicates mean prediction from a baseline model without the upland
cultivation term. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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grasslands in the region prioritize parcels with less crop production
potential and thus perhaps less wetland productivity (Claassen et al.,
2008). In South Dakota, lands with the fewest constraints to crop pro-
duction (e.g., relatively flat slopes, efficient soil drainage, suitable cli-
mates) are farmed most intensively and those with the most constraints
are generally not cropped and left in working or idle grasslands
(Reitsma et al., 2015a). Arguably, the same factors driving the dis-
tribution of upland cultivation could drive productivity of wetlands.
Therefore, similarities we observed across the upland cultivation gra-














































Fig. 4. Model-predicted densities for key aquatic invertebrate taxa in likely foraging locations for lesser scaup across a gradient of upland cultivation measured at
three spatial scales around wetlands sampled during spring migration in eastern South Dakota during 2013 through 2015. Shaded regions correspond to 95%
confidence intervals of predictions with covariates held at their mean. Horizontal dashed line indicates mean prediction from a baseline model without the upland
cultivation term.
Table 2
Model summaries and parametric bootstrapping results comparing baseline models of blue-winged teal and lesser scaup abundance with models including covariates
for upland cultivation in 50m, 2 km, or 4 km buffers surrounding wetlands surveyed in eastern South Dakota during April and May 2013 through 2015. Confidence
intervals shown in bold exclude 0 at the 95% level.
Species Marginal r2 Conditional r2 P b 95% CI
Blue-winged teal
Baseline model 0.239 0.334 – – –
50m buffer 0.254 0.338 0.030 0.174 (0.022, 0.324)
2 km buffer 0.265 0.343 0.022 0.224 (0.041, 0.403)
4 km buffer 0.260 0.349 0.055 0.205 (0.007, 0.398)
Lesser scaup
Baseline model 0.451 0.516 – – –
50m buffer 0.178 0.376 0.968 −0.008 (−0.260, 0.245)
2 km buffer 0.449 0.517 0.916 0.016 (−0.243, 0.276)
4 km buffer 0.449 0.518 1.000 0.004 (−0.260, 0.268)
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following conversion of surrounding uplands to row crop production.
Here the limitation of the space-for-time approach routinely used in
studies like ours is evident, and controlled experimentation with a be-
fore-after controlled-impact design is needed to fully understand the
historical potential of these wetlands, or their capacity for supporting
spring-migrating ducks following restoration (França et al., 2016). If
this hypothesis were supported, it would suggest there is potential to
achieve improved wetland function in modern, intensively farmed
landscapes if the most pervasive impacts of upland cultivation were
mitigated.
4.2. Additional considerations for defining agricultural impacts
The strength of our sampling and statistical approach is in drawing
inferences about the modern contribution of wetlands distributed
across the upland cultivation gradient to key metrics of spring migra-
tion habitat for our study species. However, additional considerations
are important for interpreting the overall capacity for intensively
farmed landscapes to contribute meaningfully to spring migrating
ducks. First, we only sampled extant wetlands because drained or filled
wetlands were by definition unavailable to ducks and not included in
our sampling frame. A number of studies in the PPR have shown that
drained wetlands are more common in intensively farmed landscapes
(Miller et al., 2009; Oslund et al., 2010; Van Meter and Basu, 2015), so
while an average extant wetland there may make similar contributions
to migrants, their relatively smaller footprint in modern landscapes may
limit the overall contribution of these landscapes. Furthermore, con-
solidation of wetlands through surface or subsurface drainage is a
common practice in intensively farmed landscapes (Turner et al., 1987;
Bartzen et al., 2010) and leads to reduced availability of small, seasonal
wetlands and increased prevalence of large wetlands with more per-
manent hydroperiods (Miller et al., 2011; Anteau, 2012; Wiltermuth,
2014; McCauley et al., 2015; Vanderhoof and Alexander, 2015). The
attendant increase in water permanency and artificially inflated con-
nectivity can lead to increased colonization and persistence of fish and
amphibians, which have cascading and well-documented impacts on
wetland function for waterfowl (Bouffard and Hanson, 1997; Zimmer
et al., 2002; Hanson et al., 2005; Anteau et al., 2011; Maurer et al.,
2014; McLean et al., 2016). Studies in prairie wetlands have demon-
strated intra-wetland factors, such as fish or submersed macrophyte
communities, have more impacts on invertebrate communities than
watershed factors like upland cultivation (Tangen et al., 2003; Anteau
et al., 2011; Hanson et al., 2012) and results from separate analyses in
the present study have shown comparable results with duck refueling
performance (Janke, 2016). Therefore, although we show that ‘average’
wetlands in a matrix of extensive upland cultivation have no detectable
differences for spring-migrating ducks, subsurface and surface drainage
practices associated with intensive upland cultivation can alter the
ecology of remaining wetlands there (Genet and Olsen, 2008; Blann
et al., 2009; Miller et al., 2011; Wiltermuth, 2014; McCauley et al.,
2015). Accordingly, our study aids in framing the appropriate focus for
restoration or conservation of wetlands in agricultural landscapes,
which should look beyond upland cultivation to factors that system-
atically alter the hydrology, and by extension biotic communities, of
prairie wetlands.
4.3. Conservation implications
Our results clearly demonstrate that in the modern intensively
farmed southern PPR, extant wetlands have the ability to make mean-































Fig. 5. Model-predicted abundances for blue-winged
teal and lesser scaup across a gradient of upland cul-
tivation measured at three spatial scales around wet-
lands surveyed during spring migration in eastern
South Dakota during 2013 through 2015. Shaded re-
gions correspond to 95% confidence intervals of pre-
dictions with covariates held at their mean. Horizontal
dashed line indicates mean prediction from a baseline
model without the upland cultivation term. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of this
article.)
Table 3
Model summaries and parametric bootstrapping results comparing baseline
models of blue-winged teal and lesser scaup refueling performance with models
including covariates for upland cultivation in 2 or 4 km circular buffers sur-
rounding collection locations. Refueling performance was measured with con-
centrations of key lipid metabolites circulating in plasma of migrating females
of each species in eastern South Dakota during April and May 2013 through
2015. Confidence intervals shown in bold exclude 0 at the 95% level.
Species Marginal r2 Conditional r2 P b 95% CI
Blue-winged teal
Baseline 0.000 0.288 – – –
2 km buffer 0.011 0.287 0.159 1.401 (−0.520, 3.342)
4 km buffer 0.028 0.297 0.041 2.218 (0.210, 4.216)
Lesser scaup
Baseline 0.000 0.127 – – –
2 km buffer 0.001 0.156 1.000 0.540 (−2.485, 3.600)
4 km buffer 0.014 0.186 0.402 1.690 (−1.543, 4.869)
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wetland productivity, such as fish presence or water level fluctuations,
are maintained in desirable states. Arguably, this demonstrated role of
wetlands for provisioning habitat for migrants in the southern PPR, at
least among intensively farmed landscapes where grassland habitat is
likely insufficient for hosting high densities of breeding waterfowl, may
exceed the potential capacity of intensively farmed landscapes to make
meaningful contributions to breeding ducks and thus merit an explicit
focus on migrant habitat conservation and restoration.
A growing body of work has demonstrated the potential for wet-
lands in intensively farmed landscapes to improve resiliency of those
coupled human-natural systems through provisioning ecological goods
and services including flood mitigation, water quality, and ground
water recharge (Gleason et al., 2011; Schilling et al., 2013; Cohen et al.,
2016) on marginal lands that otherwise tend to be unprofitable
(Reitsma et al., 2015b; Brandes et al., 2016). Our work suggests that,
through targeted restoration or protection of wetlands in these working
landscapes (sensu Kremen and Merenlender, 2018) an added benefit
would be their capacity to provide migrants destined for northern
breeding areas with nutrients and space needed for successful migra-
tion. Further, if additional research finds support for the “wetland
productivity hypothesis”, researchers and conservationist may find that
restored wetlands in intensively farmed landscapes offer greater po-
tential for waterfowl conservation than wetlands protected in less
productive landscapes that have been the traditional focus of con-
servation efforts informed by retrospective analyses (e.g., Loesch et al.,
2012).
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Fig. 6. Model-predicted indices for lipid refueling
index based on lipid metabolite concentrations of
blue-winged teal and lesser scaup across a gradient
of upland cultivation measured at two spatial scales
from collections during spring migration in eastern
South Dakota during 2013 through 2015. Shaded
regions correspond to 95% confidence intervals of
predictions with covariates held at their mean.
Horizontal dashed line indicates mean prediction
from a baseline model without the upland cultiva-
tion term. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
Fig. 7. Two potential hypotheses for the underlying mechanisms giving rise to
the pattern of relative consistency in wetland quality for spring migrating ducks
(y-axis) across a range of upland cultivation (x-axis) observed among a variety
of response metrics. The black solid line in the figure represents the generalized
response of key metrics we measured, showing functionally no variation across
the gradient, with evidence for slight improvements in some metrics at the most
intensively farmed sites. Two alternative dashed lines indicate the predicted
conditions of wetlands in these sites prior to conversion to row crop and the
associated changes in wetland condition that have occurred since conversion in
the shaded regions. The Wetland Productivity Hypothesis predicts that his-
torically productive wetlands in farmed landscapes have been degraded to their
current condition, whereas the Wetland Resiliency Hypothesis predicts that
factors associated with upland cultivation have resulted in marginal improve-
ments in wetland function for migrating waterfowl in modern intensively
farmed landscapes.
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Appendix A. Supplementary data
Tables with full regression coefficients and random effect standard
deviations from models fit to invertebrate densities, duck abundance,
and duck refueling performance evaluating wetland factors influencing
spring migrating lesser scaup and blue-winged teal. Each scale corre-
sponds to the resolution at which upland cultivation was measured
(50m, 2 km, and 4 km radius buffers). Detailed accounts of variable
definitions are provided in the text. Reported confidence intervals are
from parametric bootstrapping with 10,000 simulations.
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